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Bacteria associated with plant leaves, or phyllobacteria, probably employ a range of colonization strategies. Steps in these colonization strategies include modification of the leaf habitat, aggregation, ingression, and egression. Considerable evidence indicates that bacteria can modify their environment to enhance their colonization of plants, such as by increasing local nutrient concentrations or by producing a layer of extracellular polysaccharides. This local habitat modification may occur on the surface of leaves, as well as in the leaf interior, and may be enhanced by the formation of bacterial aggregates. The conspicuous presence of bacterial aggregates on leaves and the finding that the behavior of bacteria on plants varies in a density-dependent manner indicate the potential importance of cooperative interactions among phyllobacteria. Such cooperative interactions may occur among both homogeneous and heterogeneous populations, thus influencing the development of microbial communities. While the sites commonly colonized by most phyllobacteria have not been unambiguously identified, there is strong circumstantial evidence that a sizable proportion of cells, particularly of phytopathogenic strains, are localized within "protected sites" on plants. The likelihood that these protected sites are located in the interior of leaves indicates that phytopathogenic bacteria have access to more resources and greater protection from stresses associated with the leaf surface than bacteria that are restricted to the leaf surface. The internal and external leaf-associated populations probably form a continuum due to the processes of ingression and egression. For a specific pathogen, however, the extent of egression that occurs prior to disease induction is likely to influence the success of disease predictions based on external population size, i.e., the number of bacteria in leaf washings. In this review, we illustrate the complexity of the ecology of leaf-associated bacteria and propose a model of leaf colonization that emphasizes the common elements in bacterial colonization strategies, as well as allows for distinct behavior of different phyllobacterial species.
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Bacteria are common residents of leaves. Some phyllosphere communities have been found to consist of more than 78 bacterial species representing 37 bacterial genera (57, 90) . This diverse collection of bacteria found on leaves often includes a few that can visibly influence the health of host plants under suitable conditions, such as by inciting disease or ice formation or by producing plant hormones that alter plant growth. Often, it also includes many bacterial species that can establish large populations without any apparent effect on the plant. In our current plant-centered terminology, we refer to those that can incite disease as pathogens and to all others as nonpathogens or saprophytes. From the perspective of the bacteria, however, this simplistic separation may both obscure the complex range of interactions that bacteria have with their host plant and limit our understanding of bacterial ecology. For example, can bacteria actively acquire nutrients from a plant without inducing visible disease symptoms? Can bacteria colonize the internal regions of leaves without inducing visible disease symptoms? Does such internal colonization offer enhanced opportunities for bacterial growth and survival? Are bacterial colonization strategies related to pathogenesis?
Epiphytic bacteria have been defined as bacteria that are capable of living (i.e., multiplying) on plant surfaces (40, 52) . The term "epiphytic" thus appropriately evokes images of bacteria that are located, at least primarily, on the surfaces of leaves. Although some leaf residents may establish only surface populations, others such as foliar pathogens can establish internal populations. In this review, we will use the term "epiphytic bacteria" to refer to those bacteria located on leaf surfaces. As a parallel to the term "rhizo-bacteria" used for root-associated bacteria, we will use the term "phyllobacteria" to refer to all of the bacteria associated with a leaf, regardless of their location. This designation is more inclusive of the potentially complex life cycles of the many diverse bacteria associated with plant leaves.
In a previous review (10), we explored two strategies that bacteria may use to survive the large and rapid fluctuations in environmental conditions that occur on a leaf surface. A strategy of tolerance requires the ability to tolerate direct exposure to UV radiation, low water availability, and other environmental stresses on leaf surfaces. In contrast, a strategy of avoidance requires the ability to seek and exploit sites that are protected from these stresses, including sites in the internal leaf regions. Among bacteria associated with leaves, there is probably a spectrum from those that employ solely a tolerance strategy and establish populations only on leaf surfaces, to those that employ both strategies to various extents, to those that employ an avoidance strategy and establish populations only in the internal leaf regions. In this review, we further illustrate the complexity in the ecology of phyllobacteria by extending our focus beyond simply survival to a broader perspective of leaf colonization.
LOCATION OF BACTERIA ON LEAF SURFACES
Leaf imprint studies demonstrate that bacteria do not occur in a uniform pattern across leaf surfaces, but are localized in particular sites (55, 56, 94) . The nature of these sites has been examined by various microscopic techniques. In studies using scanning electron microscopy (SEM), the most common sites of bacterial colonization were at the base of the trichomes (6, 53, 62, 65, 69, 92) , at stomata (62, 63, 65, 69, 70, 76, 92) , and at the epidermal cell wall junctions (14, 22, 53) , especially in the grooves along the veins (55, 62, 65) . Bacteria were also found in depressions in the cuticle (62), beneath the cuticle (18), near hydathodes (68) , and in structures specific to particular plants such as the stomatal pits in oleander and the shields of pectate hairs in olive (86) . In general, larger numbers of bacteria were found on lower than on upper leaf surfaces (17, 55, 70, 86, 94) , possibly due to the lower surface having a higher density of stomata or trichomes (21, 62, 70, 86) or a thinner cuticular layer.
Quantitative differences in bacterial abundance in closely proximal portions of a leaf can be great. Kinkel et al. (50) noted that total bacterial populations varied by over 100-fold among small segments (9 mm 2 ) of potato leaves and that the variation of bacteria among leaf segments was best described by a log-normal distribution (50) . J.-M. Monier and S. E. Lindow (unpublished data), using microscopic examination of leaves, noted that bacterial abundance varied greatly among randomly chosen leaf segments of about 0.1 mm 2 and that a log-normal distribution also best described the variation in bacterial population sizes at this small scale. Morris et al. (71) recently described the occurrence of large aggregates of bacteria on a variety of plants grown in the field; such aggregates were often highly localized, with few other bacteria in their immediate vicinity. The aggregated nature of bacterial colonists of plant surfaces is a conspicuous feature that presumably has important implications for the interactions of these microbes with themselves on leaves, as well as with the plant itself. For example, the processes leading to the development of aggregates may be key processes in leaf colonization. Do aggregates result from bacterial localization into discrete sites that favor growth and survival? Do aggregates result from the ability of bacteria to create such sites by modifying their local environment? These questions will be explored in the remainder of this review.
MODIFICATION OF THE LEAF SURFACE ENVIRONMENT

Enhancement of host nutrient leakage on leaf surfaces
Considerable evidence indicates that bacteria can modify their environment to enhance their colonization of plants, such as by increasing nutrient concentrations on plant surfaces. For example, the study of indole-3-acetic acid (IAA)-producing bacteria, which are common on plants (30, 32, 61) , reveals that bacterial IAA production may play a role in enhancing nutrient leakage (15, 64) . Epiphytic populations of a parental IAA-producing strain of Pantoea agglomerans (formerly Erwinia herbicola) increased to approximately twice that of an isogenic IAA-deficient mutant of this species after coinoculation in a proportion of 1:1 onto bean plants in the greenhouse and onto pear flowers in field studies (15) . In all experiments, the ratio of the population sizes of the parental and IAA-deficient mutant strains increased during periods of growth on plants, but not when population sizes remained static with time (15) . IAA production was also associated with increased survival of Pantoea agglomerans on leaves under stressful conditions (64) . IAA-deficient mutants of Pseudomonas syringae also exhibited slightly different growth dynamics on bean plants in a greenhouse study (66) . The enhanced growth rate of IAA-producing strains of Pantoea agglomerans was attributed to a slight increase in the nutrients available to the IAA-producing strain on the leaf, since there is evidence that low nutrient levels commonly limit bacterial growth and population sizes on plants (15, 99, 100) . Since exogenously applied auxins have been demonstrated to stimulate the release of monosaccharides and oligosaccharides from the plant cell wall (31, 33) , it seems reasonable to assume that bacterial IAA production benefits the producing cells by similarly increasing nutrient availability in the vicinity of bacteria.
Extracellular polysaccharide (EPS) production on leaf surfaces
Bacteria may also modify their environment by producing a layer of EPS on leaf surfaces. Scanning electron micrographs reveal strands of amorphous material that emanate from and between bac-terial cells on leaves (22, 63, 65, 70, 76, 86, 92) . These strands probably represent the dehydrated remnants of a more complete matrix that originally surrounded the cell. The presence of EPS is particularly evident in recent images of large aggregates of bacteria on plant surfaces (71) . In these images, the bacteria are closely packed but clearly embedded in an amorphous material that is presumably EPS of bacterial origin (71) . EPS may anchor cells to the leaf surface and prevent cells from desiccation (54, 96) , as well as modify the environment around the cell to one more favorable for growth and survival. This matrix may be analogous to that of biofilms, in which many aquatic microorganisms are found. Biofilms can concentrate nutrients from dilute sources, provide protection from predators, and shield cells from lytic enzymes, antibiotics, and other inhibitory compounds (19) . Thus, bacterial production of such a matrix on leaves could be highly advantageous for growth and survival. It seems clear that epiphytic bacteria have modified their environment to one that does not resemble the exposed cuticular surface of plants. We need further information as to how different the chemical and physical environment within such bacterial assemblages on leaves are from what would be expected of cells isolated on the surface of plants.
Density-dependent behavior
There is strong evidence that the behavior of bacteria on plants varies in a density-dependent manner. For example, the survival of a strain of P. syringae exposed to desiccation stress under controlled conditions after application to plants was strongly dependent on the population density of the applied bacterium. Cells in inocula with high cell concentrations exhibited up to 100-fold better survival on leaves than cells in inocula of low cell concentration (98) . Likewise, the survival of cells of two P. syringae strains varied greatly after application to different plant species in a "common garden" experiment in the field, and a strong correlation was seen between the population size of indigenous bacteria on a plant species and the population size of P. syringae that survived inoculation onto plants (51) . A positive correlation was also found between the population sizes of a particular strain of P. syringae that had been inoculated onto plants in a field study and the subsequent total P. syringae populations (i.e., all P. syringae strains) on individual leaflets throughout the growing season (42) . Such results suggest that leaves colonized by bacteria provide a habitat that is different from that of uncolonized leaves and that leaf surface modifications made by bacterial epiphytes to facilitate their colonization of the leaf also benefit immigrants to the same leaf. The implication of these observations is that bacterial interactions within aggregates may induce qualitatively different traits than those expressed in individual cells. Such traits may be favorable for growth and survival and would cause a nonuniform distribution of bacteria to develop with time on leaves.
LOCALIZATION BEYOND THE LEAF SURFACE
While the location of leaf-associated bacteria has not been unambiguously determined in most cases, there is strong circumstantial evidence that a sizable proportion of cells of phyllobacteria, particularly phytopathogenic strains, are localized within "protected sites" on plants. Often, only a fraction of the bacterial populations that develop on leaves can be washed off, indicating that many cells may be in sites that prevent removal or may tightly adhere to leaf surfaces. For example, several days after inoculation of rifampinresistant Xanthomonas campestris pv. vesicatoria or P. syringae pv. phaseolicola strains onto bean leaves under dry field conditions, only 1 to 35% of the total population of rifampin-resistant bacteria isolated from treated leaves was recovered in the leaf washings (17, 84, 94) . Similarly, several days after inoculation of various rifampin-resistant P. syringae pathovars onto plants under controlled conditions, only 20 to 24% of the total population of rifampin-resistant bacteria isolated from treated leaves were recovered in leaf washings (72) . In most studies, surface sterilants did not kill large numbers of leaf-associated bacteria, suggesting that the bacteria reside in protected sites. For example, after various phytopathogens were sprayed onto plants and allowed to colonize, between 10 2 and 10 7 cells per g survived exposure of the leaves to sodium hypochlorite (6, 7, 37, 79, 80) . Similar results were observed with topical applications of ethanol (83, 92) and hydrogen peroxide (8, 97) and with exposure of leaf surfaces to UV radiation (5, 36, 74, 89, 97) .
Identifying the exact location of phyllobacterial populations can be difficult and is strongly dependent on the methodology. It is clear that leaf-associated bacterial populations include those cells that are located on the surface of leaves, i.e., external populations, and those located in the leaf intercellular spaces, i.e. internal populations. Microscopy studies including both scanning and transmission electron microscopy have documented the presence of both externally and internally located bacteria (22, 25, 81) . In population studies, however, external populations are generally identified as those that are released by washing or sonication or those that are sensitive to surface sterilants. Unfortunately, we do not know the extent to which internal populations are released or are killed during these procedures. Quantifying internal populations is similarly complicated, since they are generally defined as those that are not external. Despite these limitations, it is noteworthy that, in one study, phytopathogenic bacteria exhibited a much higher proportion of cells that escaped surface sterilization with hydrogen peroxide or UV irradiation than did nonpathogenic strains on compatible host plants (97) . The population size of bacterial strains that escaped surface sterilization was strongly correlated with the population size that each strain was able to achieve after infiltration into a plant; phytopathogenic bacteria developed high population sizes within plants, while nonpathogenic bacteria exhibited little or no growth (97) . These results suggest that phytopathogenic bacteria have a unique ability to exploit the interior of plants prior to infection, providing them not only additional resources, but perhaps also enabling them to avoid stresses associated with the leaf surface (10) .
MODIFICATION OF THE ENVIRONMENT IN THE LEAF INTERCELLULAR SPACES
Enhancement of host nutrient leakage from plant host cells
Habitat modification may occur inside plants, as well as on the exterior of plants. Specifically, phytopathogenic bacteria appear to modify the environment in the leaf intercellular spaces to make it more favorable for bacterial multiplication. Pathogens have been commonly observed to increase host cell membrane permeability (1, 16, 95) . This leakage may increase the amount of water and nutrients available to bacteria in the intercellular spaces (3, 4) . Plant growth hormones such as auxins, which have been demonstrated to induce plant cell wall loosening and membrane leakiness (58) , can be produced by many plant-associated bacteria including P. syringae pv. savastanoi (30, 32, 61) . The phytotoxin syringomycin may also induce leakiness in plant cell membranes (35) . Studies with mutants deficient in the production of two other phytotoxins, coronatine and tabtoxin, showed that these phytotoxins were not important for establishing large endophytic populations, but were important for maintaining them (13, 93) . While studies with syringomycin-deficient mutants of P. syringae pv. syringae showed that syringomycin was not required for establishing large endophytic populations (73, 101) , the role of syringomycin in population maintenance was not evaluated.
EPS production in plant intercellular spaces
Another adaptation that may alter the intercellular environment is bacterial production of EPS. In the mesophyll spaces, as well as in surface sites, water is probably the most important factor influencing microbial growth. The continuous presence of water on the leaf surface often results in larger epiphytic microbial populations (36) ; similarly, the continued water-soaking of leaves after infiltration with bacteria resulted in larger endophytic populations than in leaves that were allowed to dry (104) . The retention of water in the highly hygroscopic polysaccharide matrix that typically envelopes bacteria in the intercellular spaces should increase the water available to the bacteria. For example, purified EPS from several phytopathogens induced persistent water-soaking after introduction by infiltration into leaves (28) . Similar to that observed on the leaf surface, this EPS matrix may serve many other functions (24) . Thus, even in asymptomatic plants, bacteria can apparently modify the environment both inside and outside the plant to improve the habitat (without visibly causing disease). This ability to colonize healthy plants without eliciting either a disease or a defensive response suggests that pathogens must have the ability to suppress, evade, or resist plant defenses (10) .
Cooperation among bacteria
These forms of habitat modification may be augmented by cooperative interactions among bacteria, and these interactions may occur among both homogeneous and heterogeneous populations. The occurrence of aggregated populations of phyllobacteria, most commonly present as cells encased in an EPS matrix, would seem to maximize the opportunities for interactions to occur among the members of the group. There have been many recent descriptions of density-dependent interactions that occur among bacterial cells (11, 34, 75, 88) . Such density-dependent interactions are often mediated by a strategy in which bacteria sense the presence of neighboring cells by detecting an increase in the concentration of constitutively produced extracellular molecules, usually one or more N-acyl homoserine lactones (HSL) (34, 88) . Apparently, this "quorum-sensing" strategy is dependent on the localized concentration of cells in a habitat in which the HSL signal molecules are contained, rather than a numerical threshold of bacterial cells per se. In an environment where localized bacterial abundance exceeds a threshold level, such HSL signal molecules can be involved in enhancing the transcription of a variety of genes via an autoregulatory signal transduction mechanism (11, 34, 75, 88) . Genes involved in EPS and antibiotic production, as well as virulence traits, are known to be induced by this mechanism (11, 34, 75, 88) . Since many plant-associated bacteria, including most phyllobacteria, apparently produce HSLs (11, 34, 75, 88) , such density-dependent expression of these traits may be common.
LOCATION OF BACTERIAL POPULATIONS IN RELATION TO DISEASE INDUCTION
External and internal leaf-associated populations probably form a continuum due to the processes of ingress and egress. Evidence for the occurrence of ingress is strong. Numerous studies suggest that surface application of pathogens results in internal colonization (17, 20, 38, 72, 92) . Furthermore, a recent study demonstrates that at least one foliar pathogen, X. campestris pv. campestris, employs an active rather than a passive process to enter into leaves (44) . There is mounting evidence for egress onto the leaf surface. SEM images suggest that many P. syringae and X. campestris pathovars are extruded onto leaf surfaces, usually through stomata (6, 7, 10, 70, 77) , but in some cases through wounds (23) and lesions (62) . Water-soaking may contribute to egression, since X. campestris pv. malvacearum mutants that were reduced in their ability to induce water-soaking, but not in the ability to multiply in internal leaf tissues, were also reduced 240-to 1,600-fold in their leaf surface populations following infiltration into leaves (103) . The formation of cankers and rupturing of epidermal layers by organisms such as X. citri may also enhance egression (87) . The recent finding of Yang et al. (102, 103 ) that up to 14% of a X. campestris pv. malvacearum population was present on the leaf surface after infiltration of leaves indicates that egression may be of quantitative importance to external populations. Furthermore, W. P. Moss and M. Wilson (personal communication) found that epiphytic populations of X. campestris pv. vesicatoria decrease greatly after external inoculation and that this decrease is followed by an increase in internal population size and a subsequent increase in epiphytic population size. This observation indicates that at least with one organism, X. campestris pv. vesicatoria, egress may be the primary means of establishing external populations.
Although the external and internal populations likely form a continuum, it is generally believed that the internal populations are directly responsible for disease induction. As early as 1949, it was "generally accepted that disease symptoms due to bacterial leaf infection are correlated rather closely with bacterial multiplication in the intercellular spaces" (2). Dose-response curves have been used to demonstrate the requirement for large internal populations in disease induction (29) . Furthermore, numerous bacterial genes have been identified that upon inactivation result in reduced internal growth and an apparent inability or reduced ability to induce disease. The functions of these genes include the induction of the hypersensitive response (hrp genes) (43, 47) , bacterial swarming (48) , synthesis of an outer-membrane polysaccharide (opsX) (49) , and epiphytic fitness (estA and estB) (8; G. A. Beattie and S. E. Lindow, unpublished data). Although internal populations may be most important to disease induction, the relationship between external populations and disease has been more closely examined. Large external populations have been associated with the onset and severity of foliar diseases caused by several pathogens including P. syringae pvs. coronafaciens (39) , glycinea (67), papulans (12) , syringae (41, 59, 78) , and tomato (82); X. campestris pvs.
phaseoli (94) and undulosa (26); X. translucens pv. translucens (85) ; and E. amylovora (91) . A clear quantitative relationship between external population size and the probability of disease occurrence has been established for bacterial brown spot of beans by P. syringae pv. syringae (59, 78) , halo blight of oats by P. syringae pv. coronafaciens (39) , and frost injury by ice-nucleating bacteria (60) , and has been suggested by preemptive exclusion studies of bacterial speck of tomato by P. syringae pv. tomato (45, 46) . This finding that large external population sizes and disease occurrence are correlated for some foliar diseases, combined with the likelihood that large internal populations are required for disease induction, suggests that external and internal populations are related. The few studies that have measured the size of both external and internal populations on the same leaf samples demonstrated that external and internal populations of three foliar pathogens, P. syringae pv. phaseolicola (84), X. campestris pv. citrumelo (27) , and X. campestris pv. phaseoli (17), exhibited similar dynamics over a 20-to 30-day period. Additionally, several mutants have been examined for their ability to establish both internal and external populations including P. syringae pv. syringae epiphytic fitness mutants (8, 9) , X. campestris pv. vesicatoria, and P. syringae pv. tomato hrp mutants (W. P. Moss and M. Wilson, personal communication) . All of these exhibited reductions in both internal and external populations. These studies provide evidence that factors that influence the size of one population can influence the size of the other. It is also possible that genes that are induced at a high cell density or upon a transition into stationary phase in externally located cells may result in phenotypes that promote internal colonization or vice versa. This phenomenon was suggested by the recent demonstration that X. campestris pv. campestris cells in early stationary phase entered leaf hydathodes in greater numbers than did exponential-phase cells (44) .
With some foliar pathogens including X. campestris pv. vesicatoria on tomato and pepper and X. campestris pv. pruni on peach, external population sizes do not appear to be related to disease occurrence (M. Wilson, personal communication) . This lack of a relationship may result from the process by which external and internal populations develop. For example, some organisms such as P. syringae pv. syringae may establish external populations immediately following inoculation, and these populations may increase the probability for ingress, thus increasing the probability for disease. Other organisms such as X. campestris pv. vesicatoria may not grow well on leaf surfaces following inoculation, but, following ingress of a few cells, may develop large internal populations that subsequently egress onto the leaf surface. In this case, the extent of egression that occurs prior to disease induction is likely to determine whether or not there is a relationship between external population size and disease occurrence.
MODEL OF LEAF COLONIZATION BY PHYLLOBACTERIA
Distinct phyllobacterial species probably colonize leaves in different ways. Due to the similarities among bacteria in their requirements for growth and survival, however, the colonization strategies of these distinct species must contain at least some common elements. Based on the concepts detailed above, we have derived a general model of leaf colonization that represents how many of these bacteria including foliar pathogens colonize leaves. This model is illustrated in Figure 1 and involves the following steps.
Step 1. Bacteria arrive on the leaf surface via airborne, waterborne, or vector deposition and are randomly distributed across the leaf surface, usually in the form of individual cells or small clumps of cells.
Step 2. While some of these cells may enter into the leaf via openings such as stomata or hydathodes, many of those on the surface modify their local environment. This may occur by mechanisms such as enhancing nutrient release from the plant leaf and producing extracellular polysaccharides.
Step 3. The bacteria that can modify their environment divide, and their increased cell numbers facilitate further habitat modification. Those surface bacteria that do not modify their environment have a lower probability of survival.
Step 4. Bacterial multiplication results in the formation of a microcolony. This microcolony may be either homogeneous, if it contains only progeny from a single cell, or heterogeneous, if other cells are incorporated into it. Heterogeneity may result from immigration subsequent to multiplication, envelopment of one or more neighboring cells into the microcolony, or convergence of microcolonies. If incorporation of a cell into a microcolony enhances its ability to multiply or survive, such incorporation would be an important process in community development.
Step 5. The microcolonies develop into large aggregates that, like the microcolonies themselves, may be either homogeneous or heterogeneous in bacterial composition.
Step 6. At least for foliar pathogens, the bacteria enter into the internal spaces of the leaves. High density growth in aggregates may facilitate ingress by density-or growth stage-dependent gene induction that results in phenotypes that aid in ingress.
Step 7. The bacteria multiply in the leaf intercellular spaces, aided by their ability to modify the intercellular habitat.
Step 8. The bacteria egress onto the leaf surface. This egression may be mediated or enhanced by water-soaking or canker or lesion formation.
In proposing this model, we envision that these steps vary in importance for distinct bacterial species. For example, some foliar pathogens, designated type I, may fall on one end of a spectrum and may develop large external populations following immigration or inoculation (steps 3 to 5). Others, designated type II, may fall on the opposite end of a spectrum and may develop only small external populations. Following entry into the leaves and multiplication within the intercellular spaces (steps 6 and 7), the egression that occurs (step 8) may contribute only a small amount to the epiphytic population size (type I pathogens) or may be the major contributor to the external populations (type II pathogens). Thus, for type I pathogens, large external populations may be predictive of disease occurrence, since they occur before the development of internal populations and disease induction. In contrast, for type II pathogens, large external populations may not be predictive of disease occurrence, since they may develop concomitant with or after the establishment of internal populations and disease induction. In this manner, application of this model to various phytopathogenic bacterial species may provide insight into the epidemiology of the species. Other applications of this model may increase our ability to predict the efficacy of potential biocontrol agents and improve our understanding of the autoecology of individual phyllobacterial species. 
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